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(57) Abstract 

The invention relates to a rotating electric high-voltage machine, the stator winding of which comprises high-voltage CTbles(6) 
arranged in radial slots (5) in the core of the stator (1). The machine is designed for direct connection to a power network 
intermediate transformers. According to the invention the slots (5) are provided with a lining (12) of thermoformable material sucn as 
aramid fibre and have a profile conforming with the profile of the slot (5). The lining (12) enables a high-voltage cable (6) with an outer 
surface of a semiconducting layer (34) to be inserted in the slots without risk of being damaged. 
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A ROTATING ELECTRIC MACHINE AND A METHOD OF MANUFACTURING THE 
SAME 

The present invention relates in a first aspect to a rotating 
5 electric machine of the type described in the preamble to 
claim 1, e.g. synchronous machines, but also double-fed 
machines, applications in asynchronous static current 
converter cascades, outer pole machines and synchronous flow 
machines . 

10 A second aspect of the invention relates to a method of the 
type described in the preamble to claim 15. 

The machine is intended primarily as generator in a power 
station for generating electric power. The machine is intended 
for use with high voltages. High voltages in this respect are 
15 electric voltages in excess of 10 kV. A typical operating 
range for the machine according to the invention may be 36 to 
800 kV. 

. Similar machines have conventionally been designed for 
voltages in the range 6-30 kV and 30 kV has normally been 
20 considered to be an upper limit. This generally means that a 
generator must be connected to the power network via a 
transformer which steps up the voltage to the level of the 
power network, i.e. in the range of approximately 100-400 kV. 

By using high-voltage insulated electric conductors, in the 
25 following termed cables, in the stator winding, with solid 
insulation similar to that used in cables for transmitting 
electric power, e.g. XLPE-cables (XLPE = crosslinked 
polyethylene) , the voltage of the machine can be increased to 
such levels that it can be connected directly to the power 
30 network without an intermediate transformer. 

This concept generally requires that the slots in which the 
cables are placed in the stator are deeper than with 
conventional technology (thicker insulation due to higher 
voltage and more turns in the winding) . In a machine of this 
35 particular type the slot has a depth corresponding to more 
than half, and normally more than two thirds of the radial 
extension of the core. This entails new problems with regard 
to mechanical natural frequencies in the stator teeth (the 
spaces between the stator slots) and their cooling. 
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Securing the cable in the slot is also a problem - the cable 
must be inserted into the slot without its outer layer being 
damaged. It is subjected to currents having a frequency of 
100 Hz which cause a tendency to vibration and, besides 
5 manufacturing tolerances with regard to the outer diameter, 
its dimensions will also vary with variations in temperature 
? (i.e. load variations). 

v 

Although the predominant technology when supplying current to 
a high- voltage network, a concept that in the present 

10 application relates to 70 kv and above, is to insert a 
transformer between the generator and the power network as 
mentioned in the introduction, it has already been endeavoured 
to eliminate the transformer by generating the voltage 
directly at the level of the network. Such a generator is 

15 described in US-4 429 244, US-4 164 672 and US-3 743 867. 

It is considered that coils for rotating generators can be 
manufactured with good results within a voltage range of 
3 - 25kV. 

Attempts to develop the generator for higher voltages have, 
20 however, been in progress for a long time. Reference can be 
made, e.g., to "Electrical World", October 15, 1932, pages 
524-525. This describes how a generator designed by Parson 
1929 was arranged for 33 kV. It also describes a generator in 
Langerbrugge, Belgium, which produced a voltage of 36 kV. 
25 Although the article also speculates on the possibility of 
increasing voltage levels still further, the development was 
curtailed by the concepts upon which these generators were 
based. This was primarily because of the shortcomings of the 
insulation system where varnish- impregnated layers of mica 
30 oil and paper were used in several separate layers . 

In a report from the Electric Power Research Institute, EPRI, 
EL-3391 from April 1984, an account is given of generator 
concepts for achieving higher voltage in an electric 
generator with the object of being able to connect such a 

35 generator to a power network without intermediate 
transformers. Such a solution is assessed in the report as 
offering good gains in efficiency and considerable financial 
advantages. The main reason that it was deemed possible in 
1984 to start developing generators for direct connection to 

40 power networks was that a superconducting rotor had been 
developed at the time. The considerable excitation capacity 
of the superconducting field winding enables the use of 
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15 



airgap-winding with sufficient thickness to withstand the 
electrical stresses. 

By combining the concept deemed most promising according to 
the project, that of designing a magnetic circuit with a 
5 winding known as "monolithe cylinder armature- , a concept in 
which two cylinders of conductors are enclosed in three 
cylinders of insulation and the whole structure is attached 
to an iron core without teeth, it was assessed that a 
rotating electric machine for high voltage could be directly 
10 connected to a power network. The solution entailed the main 
insulation having to be made sufficiently thick to withstand 
network-to-network and network-to-earth potentials. Obvious 
drawbacks with the proposed solution, besides its demanding a 
superconducting rotor, are that it also requires extremely 
thiGk insulation < which increases the machine size. The end 
windings must be insulated and cooled with oil or freones in 
order to control the large electric fields at the ends. The 
whole machine must be hermetically enclosed in order to 
prevent the liquid dielectric medium from absorbing moisture 
20 from the atmosphere. 

Certain attempts at a new approach as regards the design of 
synchronous machines are described, inter alia, in an article 
entitled "Water-and-oil-cooled Turbogenerator TVM-300" in J. 
Elektrotechnika, No. 1, 1970, pp. 6-8, in US 4,429,244 "Stator 
25 of Generator- and in Russian patent document CCCP Patent 
955369. 

^ The water- and oil-cooled synchronous machine described in J. 

Elektrotechnika is intended for voltages up to 20 kV. The 
article describes a new insulation system consisting of 
oil/paper insulation, which makes it possible to immerse the 
stator completely in oil. The oil can then be used as a 
coolant while at the same time using it as insulation. To 
prevent oil in the stator from leaking out towards the rotor, 
a dielectric oil-separating ring is provided at the internal 
surface of the core. The stator winding is made from con- 
ductors with an oval hollow shape provided with oil and paper 
insulation. The coil sides with their insulation are secured 
to the slots made with rectangular cross section by means of 
wedges. As coolant oil is used both in the hollow conductors 
and in holes in the stator walls. Such cooling systems, how- 
ever, entail a large number of connections of both oil and 
electricity at the coil ends. The thick insulation also 
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entails an increased radius of curvature of the conductors 
which m turn results in an increased size of the winding 
overhang . 

The above-mentioned US patent relates to the stator part of a 
5 synchronous machine which comprises a magnetic core of lami- 
nated sheet with trapezoidal slots for the stator winding. The 
slots are tapered, since the need for insulation of the stator 
wxndrng is less towards the interior of the rotor where that 
part of the winding which is located nearest the neutral point 

10 is located. in addition, the stator part comprises a 

dielectric Oil -separating cylinder nearest the inner surface Q 
of the core which may increase the magnetization requirement 
relative to a machine without this ring. The stator winding is 
made of oil-immersed cables with the same diameter for each 

15 coil layer. The layers are separated from each other by means © 
of spacers in the slots and secured by wedges. What is special 
for the winding is that it comprises two so-called half- 
wmdings connected in series. One of the two half -windings is 
located, centred, inside an insulation sleeve. The conductors 

20 of the stator winding are cooled by surrounding oil. The 
disadvantages with such a large quantity of oil in the system 
are the risk of leakage and the considerable amount of clean- 
ing work which may result from a fault condition. Those parts 
of the insulation sleeve which are located outside the slots 

25 have a cylindrical part and a conical termination reinforced 
with current-carrying layers, the purpose of which is to 
control the electric field strength in the region where the £, 
cable enters the end winding. ^ 
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From CCCP 955369 it is clear, in another attempt at raising 
the rated voltage of the synchronous machine, that the oil- 
cooled stator winding comprises a conventional high-voltage 
cable with the same dimensions for all the layers. The cable 
is placed in stator slots formed as circular, radially 
disposed openings corresponding to the cross-section area of 
the cable and the necessary space for fixing and for coolant. 
The different radially located layers of the winding are 
surrounded by and fixed in insulated tubes. Insulating spacers 
fix the tubes in the stator slot. Because of the oil cooling, 
an internal dielectric ring is also needed here for sealing 
the coolant against the internal air gap. The design shown has 
no tapering of the insulation or of the stator slots. The 
design exhibits a very narrow radial waist between the 
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different stator slots, which means a large slot leakage flux 
which significantly influences the magnetization requirement 

of the machine. 

The present invention is related to the above-mentioned 
problems associated with avoiding damage to the exterior of 
the cable during insertion into the stator slots and avoiding 
wear against the surface caused by vibration during operation 
Solving this problem would enable the use of cables in the 
cable windings that do not have a mechanical protective outer 
layer. The outer layer of the cable then consists of a thin 
semiconductor material which is sensitive to mechanical 
damage . 

ZtTlT ° f ^ Pr6Sent ±nvention is to P—ide a machine in 
which this problem is solved. 

This object is achieved according to the invention in that a 
machine of the type described in the preamble to claim 1 is 
given the special features defined in the characterizing part 
of the claim and in that a method of the type described in 
claim 17 comprises the special measures defined in the 
characterizing part of this claim. 

By thus arranging a lining in the slot, contact is eliminated 
between the outer layer of the cable and the parts of the 
stator core forming the walls of the slots. The material in 
the lining must be thermof ormable so that it can be given a 
complicated configuration corresponding to that of the slot 
walls and substantially retain its shape after moulding. 
A lining can thus be obtained which is in contact with the 
slot walls, even if their profile is unusual, and without 
other aids such as glue or the like to hold the lining in 
place. 

As known per se, the slots of a rotating electric machine are 
provided with some kind of lining, e.g. through US-3 943 392, 
US-3 130 335, and US-1 974 408. These linings, however, are 
not for high voltage machines, and are used in machines with 
another type of insulation system to that required in a 
machine according to the present invention. Thus this type of 
lining cannot be used to solve the problem of protecting the 
uncovered outer layer of such an insulation system. 

US-2 749 456 reveals the arrangement of a lining in the stator 
slots of an electric motor to be known per se. However, the 
machine here is not one for high voltage. The motor is 
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windings ^rc-'tta ^"bT^S '° cable 

hi gh - volC a 9e levels are not re !:^r M r C h u e ncered . v ' ith che 

5 provide any mechanical protection tL , the aim 13 noc to 
is extruded polyvinyl chlorTde which UmTts t h rf^" 9 
produce a lining with properties enai^ e£d01 " t0 

machine according- to the present 7" enaWln9 1Cs us * «°r a 
to formability. profile JS^^"* *« 

10 It is advantageous to manufacture a m»^ hi „ 

invention with slots having varying wiTth " 'TT™ " thS 
with alternating narrower and^ider parts T 
preferably have a circular cross section ^ ParCS 
the cable, and are connected ll SeCtl ° n to allow Passage of 

15 narrower parts. The slo^ thus KrtI instituting 

that of a bicycle chain X 3 Pr ° £ile simil « *° 

according to thT iUtlon J^p^^T "* ■ ^ ^ 
such an embodiment where it has ^ 
The lining material is suitahiv 
20 with aramid fibres, so t^ it 

damage, since it is ther^Lable L^S?"* 

relatively thin, approximately 0 1 l 0 ' % "1 ^ 

0.5 mm. which means that it ta^es up li^usef uf room' ^ " 

» ^in 3 P ran C s Ul ^s 'r^JTr^ ^ ^ 

^r^^T <- rr^ng-T^ 

advantage tha^e cables can ^ ^ 
vibrations are absorbed. Portioned so that the 

30 The embodiments described above ,„h 

embodiments of the invention are defined in tn« adVanCa9&OUS 
claim 1. " nea ln the sub-claims to 

^cZT^^l^ of h inVenti ° n definSd in <* ai " » 
35 the slots i^ a sille and" e T™**^** ™* applied in 
"ning in the ^1^7:^ ^ 
complicated profile t-o k~ , a thln Iming with 

protiie to be produced which • 
inserted i nto the slot. an easil y 

• -t" e r sZ^ * — — - the 
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To achieve the desired profile of the lining when it is to be 
applied in a slot with "bicycle-chain profile", the sheet 
which is to form the lining is shaped by a roll having 
alternating raised and indented parts. 

5 The lining is suitably manufactured from a sheet material 
comprising aramid fibres, which has a thickness of 
approximately 0.2 - 0.5 mm. 

The advantageous embodiments of the method according to the 
invention described above, and other advantageous embodiments, 
10 are defined in the sub-claims to claim 15. 

The invention will now be explained in more detail in the 
following description of advantageous embodiments, with 
reference to the accompanying drawings in which 

Figure 1 shows schematically an axial end view of a sector of 
the stator in a machine according to the invention, 

Figure 2 is a partial enlargement of a detail from Figure 1 
showing part of a slot, 

Figure 3 shows an alternative embodiment of the slot profile 
in a view corresponding to Figure 2, 

20 Figure 4 shows an alternative embodiment of the lining 
according to the invention, 

Figure 5 illustrates a step in the manufacture of a lining 
according to the invention, 
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Figure 6 illustrates the profile of a lining according to the 
invention in axial section, 

Figure 7 is a section along the line VII-VII in Figure 6. and 

Figure 8 is a cross section through a conductor used in the 
machine according to the invention. 

In the schematic axial view in Figure 1 through a sector of 
the stator 1 of the machine, its rotor is designated 2. The 
stator is composed in conventional manner of a laminated core 
of sheet steel divided into sector-shaped sections, one of 
which is shown in the figure. From a yoke portion 3 of the 
core situated radially outermost, a number of teeth 4 extend 
radially in towards the rotor 2 and are separated by slots 5 
in which the stator winding is arranged. In this machine 
intended for high voltage the slots 5 have considerably 
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greater depth than what is usual. The cables s in , t . 

are high-voltage cables which may be of suos'tltLif Z"*™ 9 * 

type as high-voltage cables t substantially the same 

called crosslink polyethylene iZl^Z diS " ibUti °"' «- 
5 is that the outer ^^^^JS^l^^' 0 *? di «— 
surrounds such a cable has L= , Ch thaC n °™*Hy 

comprises only the conductor Ti^r^- ™ e Cable thus 
insulating layer" and an OT ter seL^n" m 
semiconductor layer sensitive 7 Semiconductl "9 layer. The 

.0 exposed on the surface of the cable" l ' "»» 

In the drawings the cables 6 are illustr-»i-»H 
only the conducting central part of the canl SChemaC1Ca1 ^' 
side being drawn in. As can be seen ea^h " 
cross section with alternating "de parts 7 - 

15 8. The wide parts 7 are .ubJL££l£""irL^ TT" 

cable parts, and the waist Darts w ClrCTUar and surround 
parts 8. The waist parts serve t^ "d TTT 

Part. The cross section It the .!« ^ P ° Si "° n each cabla 
slightly narrower in radial direction !n h alS ° bSCOm ° S 

20 the voltage in the cable ^^.^^1' ?" 

situated to the radially inner Dar t !f ^ ClOSer they are 
cable parts can therefore boused here h SCat ° r - M1 *~ r 
coarser cable parts are retired further tuT^Xn 

25 :ll2"T Sd ° f ChreS Vrnsi'ons h a S re™ e 

" rSatl^. C ° rreSP °" din ^ dimensioned sections 9 !"£ 

Figure 2 shows how a linina 1? 

arranged abutting the wall? of t^ . ^5 The^l ■ inVenti ° n 
30 f hard-calendered itali, f^T? "f ^ 

30 type known under the trade name Nomex™ but 1t - ^ 

be made of glassfibre, reinforced eooxC ^ alternatively 
the like. Nomex- is available ±J ^ ' /hermoset P^stic or 
n 1-7 ™ ^ • ^vaixaoxe m a standard thickness of 

0.17 mm and a suitable thickness for the linina r f 
interval 0.1 - l 0 mm Thp n • lining lies in the 

35 thermal m . ■ lning ^^ial should have good 

^n!T^- n9 properties ^d may either be electriclllv 

insulating or manufactured with a c^*- electrically 
earthing inside the slot. ^ resisti vity to 

40 alternating narrower ^ « ^ f 

cwistea copper strands, surrounded 
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by a 

semiconductor lavpr £h 
outer semiconductor layer 6d Th* lnSUlating ^c and an 

eliminate the risk of damage* Zt^^ ^ ^ linin9 is *° 
6d. Such damage may occuT duri na w Semic ° nduc tor layer 

5 cable is inserted °* the 

scratched against the edges of the s teel H ° f bSin9 

to wear caused by vibration and thenLT * ^ alSO dUS 

FiQUre , h thermal movement of the cable. 

Figure 3 shows an alternative embodiment of ,h ! 
where alternate waist parts 8 are in L f Pr ° filS 
10 waist since one wall of the slor ^ ° f a " half ' 

- two adjacent circular partT" ^^"al plane 13 

corresponding shape. lining 12 has a 

Figure 4 shows an alternative 

corresponding to that shown in 7i(^TT£ *" 8 SeCCi0n 
15 enlarged detail section of onlv f , instituting an 
embodiment the lining 12 has two layers ita T£ 
fibre. Between these a rubber layer 1/ ° aramid 

purpose of the rubber laver i. ,. ls arran ged. The 

cable, thus absorbing vibrations th, ™ ld±n <» 1 » Position the 
» need not be coherent but 4y be renlT^ ^ layer 
separate rubber elements teZJ^T^ * ° £ 

layer or rubber elements adhere to thHrli^ >T ' ** 
of a glue which releases at "amid layer by means 

material with equivale^ e^tic """^^ 60 ° c - Some other 
used instead of Rubber A^ternati Pr ° Perties naturally be 

i-elf may be made with' e^nt^sttU^ "*™ ^ 
For the sake of Claris i * • 

been shown with spaces 'to the slot' wails'" 2 " * ^ 

to* it Should be understood tha^ ttey^ in^ac" Contact 6 

tended 5 f^" use T„ £ ~«« <* * — 

certain embodiments of the present LentToT"' ^^"V '° 

35 moulded between a rotating cylinder 21 and r," 3 ' " ^ 

The figure illustrates mouW ing a linina , " o1 22 • 

inner surface of the slot i e both ? coverln 9 the entire 
middle 27 of the cvlind.r i. m i w " Wail surfaces. The 

lining which wUl T'e at th« h ? PreSSnt th * P*« of the 

40 is complete the i L " " ^ *» *° uldin S 

of the rolled sheet 9 and t lT f °L ^ ^ 



25 



is given a radius of 
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curvature corresponding to that in the bottom of the slot The 
sheet may possibly be thinner at- • e 

rollina ftr ^ k at lts mid-poxnt during the 

rollxng or it may be provided in some other way with marking 
to facilitate folding. marKings 

5 The cylinder consists of a number of rollers 23 W 

cylindrical profile 25 which are joined JgethI * ^TlZ 
moulding tool 22 v has a shape conforming with he Li 1 
counter-supports 24 for the cylindrical parts of the lin^ 
and cylindrical pins 26 between the, fo/^ ^ 11 ^ 

orofii nin9 ;- 6 r ° llerS " ° f thS Cylind - 21 have different 
profile radii, the rollers situated nearest t-h« • 

iSin the lining which o£^i~ 

dimensions used in the slot, as described in connexion witn 

When the aramid-fibre sheet has been given its r,™*--, • 



25 The lining is suitably given an axial =„,- 

the axial length of the slot so that ^T^™ greaCer <*■» 
protrudes outside the slof at oL L b o th ends ^ 3 °' 31 

h^nLLiaT-f :::Sn/^v:^ c 3i' 

in the ^ddle of the high-voltage cable T Ll arran9ed 
35 31 is a fi „ t _ • . . a came 6. Around the strands 

IL \ ^conducting layer 32. and around the first 

semiconducting layer 32 is an insulating layer 33 TV Spe 
insulation. Around the insulating layer 33 Is a second' 

ITtZ 9 34 • *- thE COncepC 'high-v'tage cable- 

40 \ P ™ S T applicaCion include the outer 

P p :::rL i r:ri b :Sn that nonnaiiy «™-«* «*-■*» 



WO 97/45934 



11 



PCT/SE97/00896 



CLAIMS 



1 ; A rotating electric high-voltage machine, the stator 

r™ °siots ^ ™ SeS cables (6) arranged in 

radial slots (5) in the core of the stator (1) 
characterized in that at least one of said slots (5)' 
x. provided with a lining (12, of thermof ormable material 

10 to'fhe proTile 12 ^'^^^ * -rresp^ing 

10 to the profile of the slot (5), and i n that the winding 

comprises an insulation system including at least two 
semiconducting layers, each layer constituting essentially In 
equipotential surface and also including sol^d insulation 
disposed therebetween. insulation 



15 ^ „ A machine as claimed in claim 1, wherein at least one 

thermal ^ ^ «* same coefficient of 

thermal expansion as the solid insulation. 

afreet- A maChine ^ Clalmed ^ Clalm 1 ° r 2 ' arranged for 
20 ^o^er™ ^ * *"* i-er.ediate 

Jeast ^ any of claims 1-3, wherein at 

stator m h S ±n 3 rad±al SSCtion *hrau*h the 

stator (1) has varying width in radial direction, with 

25 tininTn^ narr ° Wer < 8 > and "ider C7) parts, and wherein said 
«o lining (12) has a corresponding profile. 

5. A machine as claimed in claim 4, wherein at least one 

hfs a 31 ^ r (5) - 1 ln 3 SSCti0n thr ° U9h ^ -tator CI) 

said iL m^T " t0 that ° f 3 biCyCle chain ' and wherein 
said lining (12) has a corresponding profile. 

30 said lininr Ch f e aS . Claimed in ™y °f claims 1-5, wherein 
said lining material is fibre-reinforced. 

Ion." , \ maChine aS Maimed in claim 6, wherein said fibres 
consist of aramid fibres. 

35 Lr A ^ Claimed ln any ° f claims ^ wherein 

35 said Immg (12) has a thickness of between 0.1 and 1.0 mm. 

. A ffla ^ ine as claimed in claim 8, wherein said lining 
H^) has a thickness of between 0.17 and 0.5 mm. 
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10. A machine as claimed in any of claims i -7 

with at least two layers (12a , ° f 9 laminate 

which layers — ^nT.^ 1 ?^^.". 1 ^ 1 -- 

10 high elasticity. Partially of a material having 

13. 



cable «S, 9 3 sen *«»*>«i„ g outer l ayer ,34, o£ the 

the stator (X) and „h»™- " CSiae at least end surface of 

pro £il e With Uat e r:r: t ;; ■: s c L rocrudi r part ,3 °- 311 »« a 

:sr - the width ~ - - — cHt Tn S 

c^a.-rLeT i n" t h^ ~ V ^ «^ " 

that at least one of said slots (5) 



20 



25 



is provided „ ith a lining ,12? oT^ V Sl ° tS ,5) 

which lining ,12) in axiaT J= t f theraoformable material, 
to the profile of Jhe ^ot "nd Tn * t T ■ C °™~- g 

30 formed of a cable aC aaid winding is 

conductors, eact hav^ —-carrying 

inner semiconducting ]«~! havin 9 a number of strands, an 
insulating !aver or so a n Pr ° Vlded ar ° Un<S Mch «««»ctor. an 
said inner Conduct £ Z^d Tn^ 

35 layer provided around said insulatrng Z*r s ™^«-g 

radial slot h^vo^e'ca^es T * * 

a rotating i^'-^^.TZX* % 

- a sheet of a thermof ormable material is available, 
40 - the sheet is cut to a suitable size, 
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- the cut sheet is hot -moulded to a profile in agreement with the 
profile of the side walls of the slot, 

- after which the hot-moulded sheet is applied in the slot. 

18 * A method as claimed in claim 17, wherein before being 

5 applied in the slot, the hot -moulded sheet is bent around a 
symmetry line to a shape corresponding to the cross -section shape 
of the slot. 

V 

19. A method as claimed in claim 17 or claim 18, wherein the 

sheet is hot-moulded between an indented roll and a corresponding 
1© indented moulding tool. 

^% 20. A method as claimed in any of claims 17-19, wherein the 

sheet is cut to a size equivalent to the entire inner surface of 
the slot. 



15 



21. A method as claimed in any of claims 17-20, wherein the 

ready-shaped sheet is applied in the slot by being inserted axially 
therein from one side of the stator. 



22. A method as claimed in any of claims 17-21, wherein the 
sheet is hot -moulded between a cylinder having a plurality of 
circular, concave parts, and a moulding tool having conforming 

20 circular, convex parts. 

23. A method as claimed in any of claims 17-22, wherein the 
sheet is cut somewhat longer in the direction corresponding to the 
axial extension of the slot than the length of this extension. 

24. A method as claimed in any of claims 17-23, wherein a sheet 
25 material that is aramid- fibre reinforced is made available. 

25. A method as claimed in any of claims 17-24 , wherein a sheet 
having a thickness of 0 . 1 - 0 . 5 mm is made available. 
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